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ABSTRACT
In previous research (Blast and Impact Dynamics Lab, University of Mississippi), it was
found that Vertically Aligned Carbon Nanotube (VACNT) forests grown on Silicon (Si)
wafer substrate exhibited significantly higher flexural stiffness, damping and specific energy
absorption. In the work reported here, the dynamic mechanical behavior and energy
absorption characteristics of nano-enhanced functionally graded composites consisting of 3
layers of VACNT forests grown on woven fiber-glass and embedded within 10 layers of
woven fiber-glass; with polyester (FG/PE/VACNT) and polyurethane (FG/PU/VACNT) resin
systems, are investigated. Dynamic Mechanical Analysis (DMA) was conducted for
evaluating the dynamic mechanical behavior, and compressive Split Hopkinson Pressure Bar
(SHPB) tests were performed to characterize the energy absorption.
Initially, 10 layer woven fiber-glass with polyester (FG/PE), polyurethane (FG/PU), and
epoxy (FG/Epoxy) based resin systems were characterized; to find suitable candidate
materials for embedding with VACNT forest layers. Among these, FG/PE and FG/PU,
showing comparatively lower damping and higher compressive strength, were chosen for
embedding with 3 layers of VACNT grown on woven fiber-glass with polyester
(FG/PE/VACNT) and polyurethane (FG/PU/VACNT) resins. The dynamic mechanical
behavior of VACNT forest reinforced composites, FG/PE/VACNT and FG/PU/VACNT,
were compared with the baseline composites, FG/PE and PF/PU.
A Dynamic Mechanical Analyzer was used for obtaining the mechanical properties such
as storage modulus (E’, flexural stiffness), loss modulus (E’’, energy dissipation), damping
loss factor (Tan δ, inherent damping), and glass transition temperature (T g). It was found that
FG/PE/VACNT exhibited a significantly lower flexural stiffness at ambient temperature
ii

along with higher damping loss factor over the investigated temperature range, compared to
the baseline material FG/PE. For FG/PU/VACNT, a significant increase in flexural stiffness
at ambient temperature along with a lower damping loss factor was observed with respect to
the baseline material, FG/PU.
A Split Hopkinson Pressure Bar was used to obtain the specific energy absorption and
compressive strength under high strain-rate loading. It was found that the specific energy
absorption increased with VACNT layers embedded in both FG/PE and FG/PU. The
compressive strength also increased by about 30% with the addition of VACNT forest layers
in FG/PU; however, it did not show an improvement for FG/PE.
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CHAPTER 1 INTRODUCTION
Development of novel, light-weight, high-strength, and high-temperature resistant
materials has been the focus of increased research, along with an increase in the conflicting
properties required in engineering applications. More advanced the technology, more
advanced materials are needed; especially in aerospace and automobile applications where
the materials experience severe thermal gradients as well as require high flexural rigidity and
high vibration damping [1]. The newly developed Functionally Graded Materials (FGM) fall
into this category on account of their tailored properties [2]. The fundamental knowledge and
the important role of carbon nanotubes in carbon nanotube-polymer composites can also help
in the development of such functionally graded materials. Carbon nanotubes enhance the
mechanical properties of FGMs, attributed to their unique material properties of high
stiffness, strength and toughness.
The focus of ongoing research at the University of Mississippi is on experimental
characterization of nano-enhanced functionally graded composites for energy absorption
under shock and impact loading. In this research, nano-enhanced functionally graded
composites, by means of integrating woven glass fibers and carbon nanotubes into layered
architectures with two different matrices, were evaluated. The growth of Vertically Aligned
Carbon Nanotubes (VACNT) is expected to offer new avenues for designing functionally
graded materials. These nano-enhanced functionally graded composites are proposed for
applications in blast, ballistic protection of building structures and other armor applications.
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1.1.

Functionally Graded Materials (FGM)

Functionally Graded Materials (FGM) have been a broad research area due to their
distinctive advantages compared to the conventional materials such as pure metals, alloying,
and composites [2]. In some engineering applications where conflicting material properties
are required, the pure metals are rarely used due to their inherent natural characteristics. To
solve this problem, alloying was introduced. Alloying is a combination of two different
materials, resulting in having material properties that are different from the parent materials.
However, alloying gives some fabrication limitations not only when one material is dissolved
in a solution of another material because of thermodynamics equilibrium, but also when
dissimilar materials having different melting temperatures are combined [2]. For improving
mechanical properties, composite materials were introduced. These composite materials
consist of reinforcement and matrix, showing excellent material properties that are different
from the parent materials. However, these advanced and light-weight composite materials
also show some failure limitations such as delamination under impact or extreme heat [2]. In
order to resolve these issues, Japanese researchers introduced the Functionally Graded
Materials (FGM) in 1984 during the spaceplane project [3], requiring a thermal barrier which
can withstand a surface temperature of 2000 K and inside temperature of 1000K.
Functionally graded materials (FGM) are the integration of two or multiple different
materials’ ideal properties which are characterized by the variation of composition over
volume. Since significant proportions of FGM contain pure components, in contrast to
traditional composites, the property of each component can be fully utilized, and it results in
tailoring a material for advanced engineering applications [3, 4]. The advantages of FGMs
are superior elevated-temperature properties, prevention of delamination tendencies typically
2

in sandwich structures, along with a reduction of in-plane and transverse through the
thickness stresses [5]. Due to these advantages, FGMs have experienced rapid investigations
and development in engineering applications for blast, ballistic protection of building
structures and other armor applications. Several books [5-8] and literature [2, 9] provide more
details of the development of functionally graded materials.

1.2.

Carbon nanotubes

Another revolutionary material, carbon nanotube (CNT), has been studied for many years
because of its important role in the field of nanotechnology since its discovery by Iijima [10].
The carbon nanotubes have molecular dimensions, and consist of cylindrical layers of rolled
up graphite sheets. Along with the combination of their small size and physical properties,
carbon nanotubes have unique chemical, mechanical, and electronic properties [10-13]. In
many engineering applications composed of composites, carbon nanotubes can be
incorporated within a polymer as fillers due to the distinct characteristics such as high ratio of
length to diameter, ability of transferring mechanical load to matrix, and extremely high
theoretical strength to improve mechanical properties [14, 15]. Carbon nanotubes are also
expected to eventually replace the conventional reinforcements such as glass fibers and
carbon fibers. Some more articles [16-19] provide mechanical properties of carbon nanotubes
in polymer composites and engineering applications.
Besides the superior mechanical properties of carbon nanotubes, there are some
difficulties that must be overcome in order to manufacture nano-enhanced composites due to
the natural characteristics of carbon nanotubes: poor matrix adhesion and dispersion of
carbon nanotubes [14]. Another challenge for engineering applications lies in controlling the

3

alignment of carbon nanotubes and synthetic processes. By resolving these issues, nanoenhanced composites can be widely used along with their high mechanical properties.

1.3.

Glass Fiber Reinforced Plastics

Glass fiber reinforced plastic is a type of composite made with glass fiber reinforcement
and embedded in a polymer matrix. Generally, the mechanical properties of composites vary
depending on type and length of reinforcements and types of matrices. The principal role of
reinforcements is to provide mechanical strength, stiffness, and improved thermal expansion
of composites [20]. The principal role of matrices is associated with thermal transitions,
protection of reinforcements, transferring loads to the reinforcements, and toughness [20]. In
this research, woven fiber-glass reinforcements are added to bind with each of three different
resin systems: epoxy, polyester, and polyurethane.
The resin systems used in fiber reinforced composites are important for improving the
mechanical properties due to its inherent characteristics of adhesion, viscosity, and
interaction with fiber. Epoxy is one of the widely used resin systems for fiber reinforced
composites. In addition to its mechanical properties, epoxy resins have a low viscosity which
facilitates easy infusion and higher fiber interactions. The epoxy resin system is also a
relatively low cost material; however, it shows poor impact properties. Some of the newly
developed resin systems, such as polyester and polyurethane, offer improved mechanical
properties.

1.4.

Literature review and previous work

Pandya et al. [21] studied about energy absorption capability of carbon nanotubes (up to
3% variation by weight) dispersed in epoxy resin under compressive high strain-rate loading.
4

It was found that dispersion of carbon nanotubes in epoxy resin enhanced the energy
absorption capability (stress-strain response obtained from split Hopkinson pressure bar
tests).
Zeng et al. [22] investigated the mechanical properties of vertically aligned carbon
nanotube based sandwich composites using Dynamic Mechanical Analyzer (DMA). The
freestanding VACNTs were inserted in between two layers of woven carbon-fiber fabrics,
and a vacuum assisted resin transfer molding technique was used to infiltrate the composites
with epoxy resin. It was observed that VACNT based sandwich composites showed higher
flexural rigidity and damping compared to samples consisting of carbon fiber fabric stacks
without VACNT.
Improvement of inter-laminar shear strength and impact toughness was observed in
carbon fiber and carbon nanotube reinforcement with epoxy resin composites [23-25].
Enhancement of mechanical properties of carbon nanotube polymer composites is discussed
in references [26-30].
In previous research conducted at the Blast and Impact Dynamics laboratory, University
of Mississippi [31], the dynamic mechanical behavior and high strain-rate response
characteristics of a functionally graded material system consisting of Vertically Aligned
Carbon Nanotubes (VACNT) grown on a Silicon wafer substrate (Si) had been analyzed.
Dynamic Mechanical Analysis (DMA) and Split Hopkinson Pressure Bar (SHPB) techniques
were used to characterize VACNT-Si samples, and the results were compared with the
baseline material of pure silicon wafer (without VACNT). It was found that the VACNT
forest grown on Silicon wafer exhibited significantly higher damping without sacrificing
flexural rigidity compared to the pure silicon wafer obtained from DMA tests in an
5

oscillatory three point bending mode. Also, VACNT-Si samples showed a large increase in
the specific energy absorption from SHPB compression tests. Results obtained from these
two experimental techniques clearly showed that the mechanical properties of a functionally
graded material (VACNT forests grown on a silicon wafer) were improved.

1.5.

Objectives of Work

The objective of this research is an experimental characterization of nano-enhanced
functionally graded composites for dynamic mechanical behavior and energy absorption
characteristics under high strain-rate impact loading. A few commercially available resin
systems used in fabrication of functionally graded materials are compared for improved
adhesion and other mechanical properties. Improvement of mechanical properties for
functionally graded materials enhanced with Vertically Aligned Carbon Nanotube (VACNT)
embedded forests are also investigated.
In current study, woven fiber-glass fabric layers with polyester resin samples (FG/PE),
woven fiber-glass fabric layers with polyurethane resin samples (FG/PU), and woven fiberglass fabric layers with epoxy resin samples (FG/Epoxy) are investigated for finding suitable
candidate materials for incorporating Vertically Aligned Carbon Nanotube (VACNT) forest
layers. After this analysis, VACNT forests grown on some of the woven fiber-glass fabric
layers are embedded in the samples and fabricated with polyester resin (FG/PE/VACNT) and
polyurethane resin (FG/PU/VACNT). The baseline FG/PE and FG/PU specimens are then
compared with FG/PE/VACNT and FG/PU/VACNT specimens for any improvement in the
dynamic mechanical properties. Two different experimental techniques, Dynamic Mechanical
Analysis (DMA) and Split Hopkinson Pressure Bar (SHPB), were used.
6

1.5.1 Dynamic Mechanical Analysis (DMA)
The TA Instruments Model Q800 DMA has been used for studying the dynamic
mechanical behavior of GFRPs. The storage modulus (flexural stiffness), Loss modulus
(energy dissipation), Tan δ (inherent damping) and glass transition temperatures were
obtained by this technique.

1.5.2 Split Hopkinson Pressure Bar (SHPB)
The Split Hopkinson Pressure Bar apparatus has been used to conduct high strain-rate
compressive tests for evaluating the energy absorption characteristics. Dynamic mechanical
properties such as compressive strength, specific energy absorption, and rate of specific
energy were evaluated.

7

CHAPTER 2 EXPERIMENTAL TECHNIQUES

This chapter describes the detailed experimental techniques with Dynamic Mechanical
Analyzer (DMA) and a Split Hopkinson Pressure Bar (SHPB) that were used for analyzing
woven fiber-glass fabric layers with different polyester, polyurethane and epoxy based resin
system samples.
2.1. Dynamic Mechanical Analyzer (DMA)
Dynamic Mechanical Analysis (DMA) is well-known thermal analysis technique to
measure the mechanical properties of materials, especially viscoelastic materials such as
polymers when the materials are deformed under applied periodic stress with a defined
frequency [32]. The TA Instruments Model Q800 DMA consists of a drive motor, air
bearings, furnace, optical encoder, sample clamps and rigid aluminum casting as shown in
Figure 2-1. It is a controlled stress with a combined motor and transducer (CMT) machine,
and the displacement sensors measure strain when a force is applied by a motor. A sinusoidal
stress is applied to a material and a sinusoidal strain is measured, and the phase difference, δ,
is measured between the two sine waves. This phase difference is used to determine material
properties including storage and loss modulus, tan δ, complex and dynamic viscosity, storage
and loss compliance, transition temperatures, creep, and stress relaxation [32].

8

Figure 2-1 Schematic of Model Q800 TA Instrument Dynamic Mechanical Analyzer [33]

2.1.

Viscoelastic theory

Viscoelastic materials exhibit both elastic and viscous behaviors, which are intermediate
characteristics under deformation. Elastic materials obey Hooke’s law, in which the change in
length of a material is equal to the force applied multiplied by the Young’s modulus [34].
When the applied force is removed, the change in length returns to its original length.
Therefore, the stress is proportional to the strain, and the modulus is defined as the ratio of
stress to strain. On the other hand, the viscous materials do not deform when a force is
applied. They flow like a liquid resisting shear flow and strain linearly with time because the
9

materials have only damping [34]. When the applied force is removed, the viscous materials
do not return to the original shape, so the stress is not proportional to the stress, it is
proportional to strain rate.
In the dynamic oscillatory test (DMA), the elastic materials return all the energy stored
during the loading as the applied loading is removed. Therefore, the phase difference between
stress and strain sine waves is totally in phase (0˚) [35]. However, viscous materials do not
return any energy stored during the loading; all the energy is dissipated as ‘’pure bending’’
when load is removed [36]. It causes a phase difference between the stress and strain
response of 90˚. For the viscoelastic materials, some of the energy stored is recovered, and
the rest of energy is dissipated as heat [37]. Therefore, the viscoelastic materials exhibit an
intermediate phase difference; Phase angle between 0˚and 90˚. The relationship of phase
angle to the stress-strain for 100 % elastic behavior, 100% viscous behavior and viscoelastic
behavior is shown in Figure 2-2.

10

Figure 2-2 Relationship of phase angle to stress-strain [38]

2.1.1 DMA data acquisition and analysis
Several mechanical properties such as the storage modulus, loss modulus and the tangent
of phase difference (Tan δ) can be calculated from experimental raw signal: force and
amplitude. The viscoelastic modulus is represented by a complex quantity formed with the
storage modulus and the loss modulus. It can be defined as [39]
𝐸 ∗ = 𝐸′ + 𝑖𝐸′′ =

𝜎0
𝜀0

𝑒 𝑖𝜑

(2.1)

Where, E* = the complex viscoelastic modulus, E’ = the storage modulus, and E’’ = the loss
modulus.
Figure 2-3 illustrates the relationships among the mechanical properties using
trigonometrical functions to calculate actual mechanical properties. By knowing E* and
measuring δ, the storage modulus (E’) and the loss modulus (E’’) can be determined [35].
11

The storage modulus (E’) relates the elastic behavior of the material and indicates the
material stiffness. The loss modulus (E’’) is a representation of material’s mechanical energy
dissipation through molecular motion and viscous behavior [35]. The tangent of phase
difference (Tan δ) provides information of the elastic and inelastic components since the
elastic and viscous behavior can be obtained by the phase difference between stress and strain
sinusoidal curve [35].

Figure 2-3 Relationships of E’, E’’ and Tan δ [35]
Where, E* = complex modulus, E’ = E*cosδ = storage modulus, E” = E*sinδ = loss modulus,
and Tan δ = E”/E’ = damping loss factor

2.1.2 Three-point oscillatory bending mode
The three point bending clamp is used for the three-point oscillatory bending mode as it is
considered a ‘pure’ mode of flexural deformation due to the elimination of clamping effects
[35]. The three point bending clamp is mostly used for elastic materials such as metals,
ceramics and thermosetting polymers. Figure 2-4 shows a schematics of the three point
bending clamp which consists of two fixed clamps and one movable clamp. A rectangular
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cross-section specimen is simply supported at both ends of clamps, and force is applied in the
middle of the span.

Figure 2-4 Clamp for Three-point oscillatory bending mode in DMA
In DMA test, the equations related to the sample stiffness to the modulus depend on the
type of clamps and shape of a sample because material’s modulus is independent of its
geometry. The DMA stiffness model for a rectangular cross-section specimen under threepoint bending load condition is given assuming local deformation of the sample in the region
of the supports are negligible [40] by equation (2.2)
𝐸 =𝐾 ∙𝐺
𝐾=

𝐹
𝑑
𝐿3

𝐺 = ( 6𝐼 ) [1 +

6
10

𝑡 2

(1 +  ) ( ) ]
𝐿

(2.2)
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Where E = elastic modulus, K = estimated stiffness, G = geometry factor, F = measured
force, d = pre-specified amplitude, L = length (half span), I = bt3 / 12 (area moment of inertia
of beam cross-section), b = beam width, t = thickness, and ν = specimen Poisson’s ratio.

Stress and strain can be calculated from the force and amplitude of deformation assuming
the stress and strain are linear viscoelastic behavior. The maximum stress and strain occur at
the mid-span of the sample where the load is applied. The DMA stress and strain equations
for a rectangular cross-section specimen under three-point bending load condition is given
[40] by equation (2.3):
𝜎𝑥 =

𝜀𝑥 =

𝑃∙𝐿∙𝑡 3∙𝑃∙𝐿
=
4∙𝐼
𝑤 ∙ 𝑡2
6∙𝛿∙𝑡

(2.3)

6
𝑡
2∙𝐿2 ∙[1+10∙(1+𝑣)∙(𝐿)]2

Where, 𝜎𝑥 = 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜀𝑥 = 𝑠𝑡𝑟𝑎𝑖𝑛, P = applied force, δ = amplitude of deformation, L = ½
sample length (span), t = sample thickness, w = sample width, ν = poison’s ratio, I = moment
of inertia

2.2.

Split Hopkinson Pressure Bar (SHPB)

A Split Hopkinson Pressure Bar (SHPB) is an experimental apparatus [41] that
characterizes mechanical properties of materials at high strain rates (10 2 – 104 s-1). The
compression test is considered in this research work.
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2.2.1 General description of SHPB
Conventional Split Hopkinson Pressure Bar consists of loading device (a compressor), bar
components (striker, incident, and transmission bar), and a data recording and acquisition
system (strain gauge and oscilloscope) [42]. The loading device is a start point of the
experiment, in which the designated compressed air in a chamber is released, causing impact
on one of bar components, resulting in stress waves through the bar components. The bar
components are the main part of the SHPB apparatus which consist of a short and two long
cylindrical bars with the same materials and diameter, named as striker, incident and
transmission bar. A small specimen is placed between incident and transmission bar, for
compression tests, as shown in Figure 2-5. Strain gauges are used as acquisition of strain
histories on the bar, and all the signals are shown on the oscilloscope.

Figure 2-5 Typical schematic of Split Hopkinson Pressure Bar [43]

2.2.2 Components of SHPB
-

Loading device

The SHPB apparatus works with compressed air generated in a compressor (loading
device). The designated compressed air for the experiment is stored in an air chamber, and
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the striker bar is launched by a release of the compressed air, causing impact on the incident
bar. The striking speed can be controlled by changing pressure in the air chamber [42].

-

Bar components

A typical SHPB bar components consist of an incident bar, a transmission bar, and a
momentum trap as shown in Figure 2-6. The bars are designed with the same material and
diameter, remaining elastic throughout a test, since the stress waves inside of the bars are
measured by surface strains [42]. Also the bars must be aligned and move freely in the
support brackets with minimized friction to make sure one-dimensional wave propagation
theory [42]. A length-to-diameter (L/D) ratio of incident and transmission bars should be at
least approximately twenty and straight so the radial or shear stresses are negligible [42]. To
avoid wave overlapping between the incident and the reflected pulses, the incident bar should
be at least twice the length of the striker bar. A momentum trap, located at the end of
transmission bar, is the device which traps the motion of the bar after the event is over.
-

Data recording and acquisition system

Strain gages and oscilloscope are used for data recording and acquisition. Two
diametrically opposite strain gauges each on incident and transmission bar are mounted in
one arm of the wheastone bridge to form a quarter bridge configuration. The histories of
incident and reflected waves are recorded from the incident bar’s strain gauge, and
transmitted wave is recorded from transmission bar’s strain gauge. From the recorded strain
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histories, therefore, specimen stress, strain, and strain rate can be calculated [42]. All the
signals are recorded and shown in a digital oscilloscope.

Figure 2-6 Components of Split Hopkinson Pressure Bar apparatus [42]

2.2.3 Theory of SHPB
A test is performed when the incident bar is struck by the striker bar, which is launched
by the compressed air in the loading device. A compressive stress wave is generated, which
propagates towards the specimen as a loading wave. As a result of the compressive wave
reflected back at the free end surface of the bar, a tension wave also propagates down to the
specimen interference as an unloading wave. Consequently, the incident bar moves towards
the specimen as a wave sweeps by [42]. Figure 2-7 shows an X-t diagram of the SHPB
apparatus.
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Figure 2-7 X-t diagram of typical Split Hopkinson Pressure Bar apparatus [42]
When the compressive wave travels towards the interface between the incident bar and
the specimen, due to the impedance mismatch, some part of the compressive wave is
reflected back to incident bar and the rest is transmitted through the specimen [42]. Then the
wave passes from the specimen to the transmission bar, causing plastic deformation in the
specimen (Figure 2-8).

Figure 2-8 Illustration of incident, reflected and transmitted pulses at specimen section [42]
The subscripts of I, R, and T each indicate, ‘’incident’’, ‘’reflected’’, and ‘’transmitted’’,
respectively. The strain histories in the incident and transmission bars are recorded using
strain gauges mounted on both bars. The mechanical behavior of specimen can be analyzed
18

with stress waves recorded from incident and transmission bar along with one-dimensional
wave propagation theory.

Figure 2-9 An example of Strain gauge signals obtained from a SHPB test [43]
Figure 2-9 shows an example of strain gauge signals obtained from a SHPB test [43]. The
incident pulse (denoted by 𝜀𝐼 (𝑡)) is recorded by a strain gauge mounted on the incident bar
after the impact of the striker bar. The amplitude of the incident pulse is proportional to the
impact velocity. The reflected pulse (denoted by 𝜀𝑅 (𝑡)) is also recorded by the same strain
gauge as the incident pulse. After reverberation takes place in the specimen, the transmitted
pulse (denoted by 𝜀𝑇 (𝑡)) is recorded by a strain gauge mounted on the transmission bar. From
the strain output vs. time plot shown in Figure 2-9, the sign of incident pulse and transmitted
pulse are the same, whereas the reflected pulse has a sign opposite to that of two pulses. This
is because the incident and transmitted pulses are compressive, as opposed to the reflected
wave which is tensile.
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2.2.4 Analysis of SHPB
The dynamic mechanical properties such as stress, strain, strain rate and energy
absorption can be calculated from the obtained strain gauge signals (the incident, reflected
and transmitted pulses), knowing the properties of bar ( 𝜌𝐵 , 𝐸𝐵 , 𝐶𝐵 , 𝐷𝐵 ) and specimen
dimensions ( 𝐿𝑆 ) [43]. The analytical model for data analysis of SHPB test has been
developed assuming the principle of 1D wave propagation. The simplifying assumptions of
SHPB test including 1D wave propagation are [43]:
(a) The bars are linear and uniform; homogeneous and isotropic.
(b) The bars remain in a linear elastic state under stress propagation; uniform axial stress
distribution.
(c) Dispersion effect is free.
(d) The interfaces of specimen remain plane.
(e) The specimen is in stress equilibrium condition.
(f) The friction and inertia effects in the specimen are minimum.
By applying the assumption that the measured stress pulses from strain gauges are the
same as stress acting on the specimen [44], the equations given below are derived based on
the conservation of mass and momentum in order to calculate the mechanical properties
along with the assumption of 1D wave propagation [42].

The particle velocities at the both ends of the specimens in terms of the incident (𝜀𝐼 ),
reflected (𝜀𝑅 ) and transmitted (𝜀𝑇 ) pulses are
𝜈1 = 𝐶𝐵 (𝜀𝐼 − 𝜀𝑅 )

(2.4)
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𝜈2 = 𝐶𝐵 𝜀𝑇

(2.5)

Where, 𝐶𝐵 is the wave velocity of the bar material and subscripts 1 and 2 are the ends of the
specimen. The average engineering strain rate and strain in the specimen are
𝜈1 −𝜈2

έ=

𝐿𝑠

=

𝑡

𝐶𝐵
𝐿𝑠

𝜀 = ∫0 𝜀 𝑑𝑡 =

(𝜀𝐼 − 𝜀𝑅 − 𝜀𝑇 )

𝐶𝐵
𝐿𝑠

(2.6)

𝑡

∫0 (𝜀𝐼 − 𝜀𝑅 − 𝜀𝑇 )𝑑𝑡

(2.7)

Where, Ls is the length of the specimen. The stresses at the ends of the specimen are
𝜎1 =

𝐴𝐵

𝜎2 =

𝐴𝐵

𝐴𝑠

𝐴𝑠

∙ 𝐸𝑩 (𝜀𝐼 + 𝜀𝑅 )

(2.8)

∙ 𝐸𝐵 ∙ 𝜀𝑇

(2.9)

Where, 𝐸𝐵 is Young’s modulus of the bar material, and 𝐴𝐵 and 𝐴𝑠 are cross-sectional areas of
bars and specimen, respectively. By the assumption of equilibrated stress in the SHPB test as
mentioned earlier, the stress equilibration can be expressed
𝜎1 = 𝜎2

(2.10)

𝜀𝐼 + 𝜀𝑅 = 𝜀𝑇

(2.11)

The equations of strain rate (2.6), strain (2.7), and stress equations (2.9) can be simplified as
𝐶

έ = −2 𝐿𝐵 𝜀𝑅

(2.12)

𝑠

𝑡

𝐶

𝜀 = −2 𝐿𝐵 ∫0 𝜀𝑅 𝑑𝑡

(2.13)

𝑠

𝜎=

𝐴𝐵
𝐴𝑠

𝐸𝐵 𝜀𝑇

(2.14)
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The energy absorption capacity of the specimen is one of the important mechanical properties.
It is defined as the energy required for deforming a specimen to a specific strain. The energy
absorption per unit volume can be evaluated by integrating the area under the stress-strain
curve [31].
𝜀

𝑊 = ∫0 𝑢 𝜎𝑆 𝑑𝜀𝑆

(2.15)

Where, 𝜀𝑢 is the ultimate failure strain.
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CHAPTER 3 SPECIMEN PREPARATION AND
EXPERIMENTAL SETUP

This chapter describes the specimen preparation and experimental setup used in this
research. All the specimens were prepared and provided by ERDC-CERL, Champaign, IL.

3.1.

Specimen preparation

3.1.1 FG//PE & FG/PU specimens for DMA
10 layer woven fiber-glass fabrics with polyester resin (E15-8082) and 10 layer woven
fiber-glass fabrics with polyurethane resin (3475 Urethane Casting) specimens (60 mm long x
10 mm wide x 6 mm thick rectangular beam) were prepared (Figure 3-1) by the autoclave
process.

Figure 3-1 10 layer woven fiber-glass with polyester sample (FG/PE)

3.1.2 Epoxy specimens for DMA
Epoxy based woven fiber -glass fabric reinforced composites (60 mm long x 10 mm wide
x 6 mm thick rectangular beam) were similarly prepared by the autoclave process. The epoxy
resin is a low viscosity two-phased toughened di-glycidyl-ether of bisphenol-A (DGEBA).
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Four different composite specimens with the following combinations were prepared
(FG1/SC15, FG2/SC15, FG1/SC780 and FG2/SC780) for evaluation.
Where,
FG1 – Glass fabric of 0.72 mm thick and 5x4 threads/inch warp-weft density
FG2 – Glass fabric of 0.36 mm thick and 16x14 threads/inch warp-weft density
SC15 - Cyclo-aliphatic epoxy resins
SC780 –Linear-aliphatic epoxy resins

3.1.3 FG/PE/VACNT & FG/PU/VACNT specimens for DMA
FG/PE/VACNT (75 mm long x 13 mm wide x 6 mm thick) and FG/PU/VACNT (60 mm
long x 10 mm wide x 5.5 mm thick) specimens (Figure 3-2) having 3 layers of CNT
grown/embedded within 10 layers of woven fiber-glass along with two different resin
systems (polyester and polyurethane) were fabricated, by hand lay-up and compression.

Figure 3-2 FG/PU/VACNT sample having 10 layers of woven fiber-glass + 3 layers of
embedded VACNT

24

3.1.4 Specimen fabrication
The following section provides details of the fabrication process and specimen
preparation provided by ERDC-CERL, Champaign, IL [45].
-

Glass fabrics and desizing

The GFRP composites were fabricated using two commercially available glass fabrics
(Fiber Glast Development Corp., Brookville, OH) with different thread counts and
diameters. The control samples were made using only glass fabric type 1 (GF1). GF1is a
plain weave fabric with 197 x 157 threads/m, a thickness of 0.72 mm, a weight of 832 g/m2,
and a measured fiber diameter of 21.3 ± 1.5 µm.

The CNT based GFRP composites

contained standard GF1 sheets and glass fabric type 2 (GF2) sheets, which were used as the
substrate for CNT growth. The GF2 sheet is also a plain weave fabric with 629 x 551
threads/m, a thickness of 0.36 mm, a weight density of 339 g/m2, and a measured fiber
diameter of 8.9 ± 1.1 µm. The GF2 material was chosen as the substrate for CNT growth
due to the larger surface to volume ratio which results in a greater density of anchored
CNTs. Both GF1 and GF2 contain a sizing component which is a coating over the surface
of each glass fiber that adds strength and improves the adhesion to the resin system [46, 47].
The sizing prevents the attached growth of CNTs on the surface of the glass fabrics. So a
desizing process, as described below, was used on GF2 to remove the sizing compound
from the fabric surface.
The GF2 sheet was cut to a size of about 38 cm x 38 cm and placed in a container filled
with a 4% by wt. solution of hydrofluoric acid (KMG Electronics Chemical Inc. Houston,
TX). After a 1 min wetting time, the fabric was gently rolled with a paint roller for 4 min to
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break up and loosen the sizing compound. The exposure to hydrofluoric acid served to both
remove the sizing material and slightly etch the glass fiber to prepare its surface for CNT
growth. The fabric was then agitated and the GF2 sheet was removed and rinsed with
running tap water for about 5 min. The GF2 sheet was then dried at room temperature for
12 hours. The edges were trimmed to eliminate edge fraying which resulted in a fabric with
a size of 30 cm by 30 cm.
-

CNT growth

The CNTs were grown on the GF2 substrate using the well-established floating catalyst
chemical vapor deposition (FC-CVD) method. A solution of 4% by wt. ferrocene (Sigma
Aldrich, 98%, St. Louis, MO) in m-xylene (Sigma Aldrich, anhydrous ≥ 99%, St. Louis,
MO) was prepared to implement the floating catalyst fabrication of CNTs. The processing
was done in a rectangular steel box (14 in x 13 in x 3 in), mounted on a 3600 W ceramic
plate heater (Omega, Stamford, Connecticut), with 3 inlet manifolds supplying the reactants
and 3 matching outlet exhaust manifolds. One 30 cm by 30 cm sheet of desized GF2 was
arranged on each of three racks in the rectangular steel reactor which was heated to the
process temperature in about 2 hr under the flow of 2000 cm3/min of N2 (S.J. Smith
Welding Supply, ultra high purity, Davenport, IA). To start the pyrolysis, the solution was
pumped into the reactor using an Ismatec Ecoline metering pump (Wertheim, Germany)
through three inlet manifolds, each of which was externally heated to about 350 °C to
vaporize the solution. Nitrogen and hydrogen (Specialty Gases of America, ultra high purity
99.999%, Toledo, OH) carried the vapor into the reaction chamber containing the three GF2
sheets at a flow rate of 2000 and 300 cm3/min, respectively. The fabrics were processed for
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60 min and a total solution of about 300-400 mL was used for each experiment. The process
temperature was set to between 550 and 650 °C. After the process was complete, the
ferrocene solution, H2 gas, and reactor power were turned off so the reactor could cool to
room temperature under the flow of N2 gas.
-

Purification of the CNT sheets and functionalization

To purify the GF2-CNT sheets of amorphous carbon and extra catalytic iron particles and
to increase the bonding strength of the CNTs to the resin, a purification and functionalization
process was carried out on the sheets. The GF2-CNT sheets were placed in a pan filled with
1N nitric acid (HNO3) (Spectrum Chemical Mfg. Corp, Garden, CA) and agitated using a
shake table (Thermolyne Corp, Bigger bill digital, Dubuque, IA) at 3 Hz for 1 hr. The sheet
was then placed in tap water and agitated for 4 min. The sheet was then placed in a solution
of 10% by wt. oxalic acid (H2C2O4) (Crystal, Spectrum Chemical Mfg Corp, Gardena, CA)
and shaken at 3Hz for 6 hr. The sheet was then agitated in tap water for 4 min and then dried
at room temperature.

-

CNT and pure GFRP composite fabrication

Four sets of GFRP composites were fabricated using a combination of the hand lay-up
and compression method to ensure proper fiber wetting and uniform distribution of the resin
through the fabric layers. Two sets were used as the control and contained only GF1 sheets
while the other two contained anchored CNT GF2 sheets. One control sample was fabricated
using polyester and termed “FG/PE” and the other was made using polyurethane and termed
“FG/PU”. Both control composites contained 10 square 15 cm x 15 cm layers of GF1

27

stacked so that the warp strand was oriented in the same direction for all layers. Similarly,
one set of composites was fabricated incorporating the GF2-CNT sheets using polyester
(termed “FG/PE/VACNT”) and another set using polyurethane (termed “FG/PU/VACNT”).
This was done to investigate the relative binding strengths between the functionalized CNTs
and the two resins. The CNT based composites contained both the GF1 sheets and the
desized GF2 sheets with anchored CNTs. These composites were scheduled according to
Figure 3-3: on the bottom were four layers of GF1, in the middle five alternating layers of
GF2-CNT and GF1, and on top there were four layers of GF1. All together there were three
GF2-CNT layers and ten layers of GF1. The polyester used in the hand lay-up method was
unsaturated polyester E15-8082 resin (Fiberglass Supply, Burlington, WA) which is suitable
for hand lay-up due to its low viscosity. The resin has a mass density of 1.08 g/cm3, a
flexural stress failure point of 78 Mpa, a modulus of 4 GPa, and a strain at failure value of
1.8% [48].

The E43-4704 Catalyst (Methyl Ethyl Ketone Peroxide) (purchased from

Fiberglass Supply, Burlington, WA) was used to initiate the polymerization process. Since
the polymerization time is a function of catalyst concentration, a 1% by wt. concentration
was chosen for the catalyst which was mixed in the resin and stirred for 2 min at 350 rpm
using a RW20 digital stirrer (IKA, Wilmington, NC). Using a 1% by wt. catalyst permitted a
long enough time (about 23 min) to hand lay-up all layers before polymerization took place.
The polyurethane used was urethane casting resin-3475 (Fiber Glast Development Inc.,
Brookville, OH. The resin comes in two parts: part A and part B. Part A and B were mixed
at a ratio of 1:1 by wt. for 2 min at 350 rpm using a RW20 digital stirrer. The resin has a
mass density of 1.05 g/cm3 [49]. The resin was then applied to the GF1 and GF2 sheets using
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the hand lay-up method and the laminates were stacked according to their respective
schedule. The entire lay-ups were then uniformly axially compressed at about 535 kN using
a Carver Laborator Press Model 2629 (Carver Inc., Wabash, IN) at room temperature for
about 12 hr to pre-cure the resin. After removing the load, the excess resin was trimmed and
the polyester composite was post-cured at 86 °C for 1 hour and then at 120 °C for 2 hr while
the polyurethane composites was post cured at 50 °C for 4 hr, as per the manufacturer
recommendation, in a temperature controlled oven Model CE3G (Sheldon Mfg. Inc.,
Cornelius, OR). The composites were then cut into individual samples, as required for DMA
and split-Hopkinson pressure bar tests. The average thickness of the FG/PE composite was
about 6 mm and the average FG/PE/VACNT composite thickness was about 6 mm. A
schematic of FG/PE/VACNT and FG/PU/VACNT samples layup with 10 layers of woven
fiber-glass and 3 layers of embedded VACNT, is shown in Figure 3-3.
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Figure 3-3 Schematic of the FG/PE/VACNT and FG/PU/VACNT samples with 10 layers of
woven fiber-glass + 3 layers of embedded VACNT [45]

3.2.

Experimental procedure

Preliminary investigations were conducted on 10 layer woven fiber-glass fabric with
polyester (FG/PE), polyurethane (FG/PU) and epoxy based (FG/Epoxy) resin systems, for
finding suitable candidate materials for incorporating VACNT forest layers. After this
analysis, VACNT forests grown on some of the woven fiber-glass fabric layers were
embedded in samples which were fabricated with polyester (FG/PE/VACNT) and
polyurethane resin (FG/PU/VACNT). The baseline, FG/PE and FG/PU specimens, were then
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compared with FG/PE/VACNT and FG/PU/VACNT specimens for any improvements in the
dynamic mechanical behavior and energy absorption characteristics.

3.3.

Experimental setup of DMA

Dynamic Mechanical Analysis was performed on FG/PE, FG/PU, FG/Epoxy,
FG/PE/VACNT and FG/PU/VACNT specimens with a TA Instruments Model Q800 DMA
(Figure 3-4) for characterizing their dynamic mechanical behaviors. Rectangular beam
specimens provided by ERDC-CERL (in accordance with DMA experimental setup - Section
3.1) were used for this study.
The three-point oscillatory bending mode was chosen as it is considered a ‘pure’ mode of
flexural deformation due to the elimination of clamping effects [35]. Roller pins on each side
(with a span of 50 mm) were used to support the specimens, and force applied in the middle
of the span. All the specimens were subjected to 1 Hz single frequency with 10 µm mid-span
displacement amplitude. A temperature ramp from ambient (30C) to 200 C was
implemented, and the temperature was elevated with 2 C/min steps up to the final
temperature. Poisson’s ratio of 0.3 is input as a constant parameter for all samples.
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Figure 3-4 TA Instruments Model Q800 DMA

3.4.

Experimental setup of SHPB

The high strain-rate compressive tests on FG/PE, FG/PU, FG/Epoxy, FG/PE/VACNT and
FG/PU/VACNT specimens were conducted using Aluminum Split Hopkinson Pressure Bar
(diameter, 19.05 mm; modulus, 68.9 GPa; density, 2700 kg/m3 ; wave speed, 5051.6 m/s) to
investigate the energy absorption characteristics. Two different strain rates ranging from
approximately 300 to 400 /s and 600 to 800 /s were achieved with a reservoir pressure of 5 to
10 psi. Square test specimens were cut from the DMA samples (section 3.1) without any
change of thickness, but having different length and width (11 mm x 11 mm, and 6 mm x 6
mm, approximately) and tested with SHPB apparatus.
Pulse shaping technique was used to minimize the wave dispersion and achieve the
required stress equilibrium, by placing Polyurea pulse shaper (diameter, 0.375’’) on the end
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of incident bar where the incident bar is struck by the striker bar [42]. Also, Glycerin was
used for holding specimens in between incident and transmission bar ends to minimize the
interfacial friction, which can cause significant increase of measured strength in specimens
(Figure 3-5).

Figure 3-5 Polyurea pulse shaper and Glycerin lubrication used for SHPB tests

3.4.1 SHPB setup
Figure 3-6 shows a schematic of compression split Hopkinson pressure bar (Blast and Impact
dynamic laboratory, University of Mississippi).

Figure 3-6 A schematic of compression Spilt Hopkinson Pressure Bar (Blast and Impact
dynamic laboratory, University of Mississippi)
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The apparatus mounted on a solid I-Beam consists of striker bar, incident bar,
transmission bar, and momentum trap. The bar components sit on support brackets designed
with oval holes and two ball bearings for horizontal alignment and support the bars to
minimize friction effects (Figure 3-7).

Figure 3-7 SHPB apparatus (Blast and Impact dynamic laboratory, University of
Mississippi)


Air chamber: A 175 psi capacity air chamber with solenoid valve was used to launch
the striker bar (Figure 3-8).
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Figure 3-8 Air chamber and trigger system for SHPB test (Blast and Impact dynamic
laboratory, University of Mississippi)


Striker, Incident and Transmission bar: All the three bar components are Aluminum
with 0.75’’ diameter, and lengths of Striker (4.0’), Incident (12.0’) and Transmission
bar (8.0’).



Momentum trap: Momentum trap was located at the end of transmission bar to stop
the motion of the bar after the event is over.



Strain gauges: Two diametrically opposite precision strain gauges of 350 ohms
resistance were mounted on each bar and connected in series for a quarter bridge
circuit (Figure 3-9).

Figure 3-9 Strain gauges for SHPB apparatus (Blast and Impact dynamic laboratory,
University of Mississippi)
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Signal

conditioner

and

digital

oscilloscope:

Model

2310B

from

Vishay

Micromeasurements was used with a quarter bridge circuit. Digital oscilloscope
model TDS 3014C from Tektronix was used as a data recording device (Figure 3-10).

Figure 3-10 (a) Digital oscilloscope, and (b) Signal conditioner (Blast and Impact dynamic
laboratory, University of Mississippi)
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CHAPTER 4 RESULTS AND DISCUSSIONS

In this chapter, the baseline materials (FG/PE, FG/PU and FG/Epoxy) are first analyzed
for embedding with VACNT forest layers. Next, the dynamic mechanical behavior and
energy absorption characteristics of composites (FG/PE/VACNT and FG/PU/VACNT) are
compared with the baseline materials (FG/PE and FG/PU) to investigate the improvement of
properties after embedding with VACNT layers. The various assumptions listed in section
2.2.4 were verified and satisfied for all tests performed.

4.1.

Dynamic Mechanical Analysis (DMA)

The TA Instruments Model Q800 DMA was used to analyze the dynamic mechanical
behavior of composites (FG/PE, FG/PU, FG/Epoxy, FG/PE/VACNT, and FG/PU/VACNT).
The output data graphs, the storage modulus (flexural stiffness), the loss modulus (energy
dissipation), and the damping loss factor (tan δ, ratio of dissipated energy to stored energy)
were evaluated. Along with this data, the specimen material’s flexural rigidity, damping, and
glass transition temperature (Tg) were investigated.

4.2.

Split Hopkinson Pressure Bar response (SHPB)

The compressive Split Hopkinson Pressure Bar apparatus was used to characterize the
energy absorption characteristics of composites (FG/PE, FG/PU, FG/Epoxy, FG/PE/VACNT,
and FG/PU/VACNT). The specific energy absorption, rate of specific energy, and
compressive strength are shown in figures and tables for comparison.
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4.3.

Analysis of baseline composites for embedding with VACNT

forests layers
4.3.1 DMA response of baseline FG/PE, FG/PU, and FG/Epoxy
The baseline FG/PE, FG/PU and FG/Epoxy specimens were first characterized using the
DMA under a three-point oscillatory flexural load over a temperature range from ambient
(30C) to 200 C; to find suitable candidate materials for embedding with VACNT forests.
The dynamic mechanical behavior of 10 layer woven fiber-glass with polyester and
polyurethane resin systems is shown in Figure 4-1. FG/PE exhibited higher flexural stiffness
(storage modulus) with respect to FG/PU, whereas the damping loss factor (tan δ) for FG/PE
was much lower than FG/PU. Also, the Tg for FG/PE is much higher than FG/PU, with not
much variation in density.
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Figure 4-1 DMA response of 10 layer woven fiber-glass with polyester and polyurethane
resin systems
Figure 4-2 shows the dynamic mechanical behavior of 10 layer woven fiber-glass with
epoxy based resin composites; consisting of two different glass fabrics having thickness
variation (FG1 is 0.72 mm and FG2 is 0.36 mm) and two different epoxy (SC15 is Cycloaliphatic and SC780 is Linear-aliphatic) resin systems. For the FG1 composites; FG1/SC780
exhibited higher storage modulus along with lower damping compared to FG1/SC15. In the
case of FG2 composites, FG2/SC780 showed higher storage modulus and lower damping
than FG2/SC15.
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It was found that FG/PE and FG/PU composites exhibited lower damping in comparison
with FG/Epoxy composites, whereas the storage modulus of FG/PE and FG/PU was higher
than FG/Epoxy composites.

Figure 4-2 DMA response of 10 layer woven fiber-glass with epoxy based resin systems
(FG/Epoxy)

4.3.2 SHPB response of baseline FG/PE, FG/PU and FG/Epoxy
Compressive Split Hopkinson Pressure Bar tests were conducted on baseline FG/PE,
FG/PU and FG/Epoxy composites. The strain rate range was 300 to 500 /s for an
investigation of energy absorption characteristics of tested composites, as well as the
selection of suitable candidate materials for adding VACNT forest layers. Figure 4-3 (a), (b)
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and (c) show stress-strain response of each composite: (a) 10 layer woven fiber glass with
polyester resin, (b) 10 layer woven fiber glass with polyurethane resin, and (c) 10 layer
woven fiber glass with Epoxy based resin composites consisting of two different glass fabrics
having thickness variation (FG1 is 0.72 mm and FG2 is 0.36 mm) and two different (SC15 is
Cyclo-aliphatic and SC780 is Linear-aliphatic) Epoxy resin systems. Also, Figure 4-4
compares these three different composites in terms of density, specific energy absorption and
compressive strength.
It was found that FG/PE and FG/PU showed significantly higher compressive strength
compared to FG/Epoxy composites. FG/PE and FG/PU also exhibited higher specific energy
absorption with respect to some of the FG/Epoxy composites (FG2/SC15 and FG2/SC780),
whereas FG1/SC15 and FG1/SC780 showed highest specific energy absorption among the
three different resin systems. With respect to FG/PE and FG/PU, the specific energy
absorption of FG/PE was higher (by 7%) than FG/PU.
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Figure 4-3 SHPB Stress-strain response of FG/PE, FG/PU, FG1/SC15, FG2/SC15,
FG1/SC780, and FG2/SC780 composites evaluated over strain rate range of 300 to 500 /s
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Figure 4-4 SHPB compression test response of FG/PE, FG/PU, FG1/SC15, FG2/SC15,
FG1/SC780 and FG2/SC780 composites evaluated over strain rate range of 300 to 500 /s

4.3.3 Selection of baseline composites for embedding with VACNT
forests
FG/PE and FG/PU showed lower damping than FG/Epoxy composites from the DMA
tests, and exhibited higher compressive strength compared to FG/Epoxy composites from the
SHPB tests. Based on these initial investigations conducted with two different experimental
techniques; FG/PE and FG/PU were chosen as suitable candidate baseline materials for
adding VACNT forest layers. VACNT forests grown on some of the woven fiber-glass fabric
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layers were embedded in FG/PE and FG/PU for improving dynamic mechanical behavior and
energy absorption characteristics.

4.4.

DMA investigations of baseline composites and with embedded

VACNT forests
4.4.1 DMA response of baseline FG/PE & FG/PE/VACNT
In Figure 4-5, the dynamic mechanical behavior of polyester with 10 layers of woven
fiber-glass and 3 embedded layers of VACNT (FG/PE/VACNT) is compared with the
previously analyzed polyester having 10 layers of woven fiber-glass (FG/PE). It was found
that the FG/PE/VACNT exhibited a 40% drop in flexural stiffness (storage modulus), from
about 24 GPa to 14 GPa at room temperature. The damping loss factor (tan δ) for
FG/PE/VACNT specimens appeared to be consistently higher (by about 60%) over the test
temperature (or frequency, by the time-temperature correspondence principle for visco-elastic
materials) range from 32 C to 200 C; although it was found to be similar as FG/PE at the
120 C glass transition temperature. The loss modulus of FG/PE/VACNT was higher at room
temperature with respect to FG/PE; but it was found to be lower at the glass transition
temperature. The density of FG/PE/VACNT was slightly lower than the FG/PE specimens,
and the glass transition temperature (T g) of 120 C was almost same for both composites.
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Figure 4-5 DMA response of 10 layer woven fiber-glass with polyester resin (FG/PE), and 10
layer woven fiber-glass with polyester resin along with embedded 3 layers of VACNT
(FG/PE/VACNT)
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4.4.2 DMA response of baseline FG/PU & FG/PU/VACNT

Figure 4-6 DMA response of 10 layer woven fiber-glass with polyurethane resin (FG/PU),
and 10 layer woven fiber-glass with polyurethane resin along with embedded 3 layers of
VACNT (FG/PU/VACNT)
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In figure 4-6 the dynamic mechanical behavior of FG/PU/VACNT and FG/PU are plotted
together for comparison. It was found that the storage modulus of FG/PU/VACNT increased
significantly (by 70%) with respect to FG/PU, from about 18 GPa to 31 GPa at room
temperature. Additionally, FG/PU/VACNT exhibited higher loss modulus both at room
temperature (20%) and at the glass transition temperature (10%), compared to FG/PU. The
glass transition temperature also increased (20%) along with density (12%). However, a
significant drop in inherent damping (tan δ) was observed at Tg with the addition of VACNTs
(FG/PU/VACNT).

4.4.3 Comparison of DMA responses
The DMA response for FG/PE, FG/PU, FG/PE/VACNT and FG/PU/VACNT is
compared in Figure 4-7 to analyze their dynamic mechanical behavior with respect to storage
modulus, density, damping loss factor (tan δ), and loss modulus. As Figure 4-7 shows, the
baseline FG/PE showed higher storage modulus and lower damping loss factor with respect
to the other baseline FG/PU. However, FG/PE/VACNT and FG/PU/VACNT had a trend
opposite to that of two base materials; FG/PE/VACNT showed lower storage modulus and
higher damping loss factor compared to FG/PU/VACNT. It was found that the baseline
FG/PE exhibited similar loss modulus at the glass transition temperature but lower at room
temperature, compared to the other baseline FG/PU. However, FG/PE/VACNT showed lower
loss modulus at both temperatures with respect to FG/PU/VACNT; the loss modulus of
FG/PE/VACNT at the glass transition temperature appeared to be significantly lower. In
terms of the glass transition temperature and density, FG/PE/VACNT showed similar
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characteristics as the baseline FG/PE, whereas FG/PU/VACNT showed an increase in glass
transition temperature along with density in comparison with the baseline FG/PU.
A significant increase of the damping loss factor (tan δ) due to the presence of VACNTs
was not observed for these FG/PE/VACNT and FG/PU/VACNT samples, as found in
previous investigations [31] performed on VACNT forests grown on silicon wafers (by
approximately 1800%). However, a significant drop in damping has been observed in
FG/PU/VACNT samples. The hand lay-up with subsequent pressurization of the green
samples may be major factors in reduced damping. Increased binding of the polymers with
the CNT surface under pressure may also be contributing to the reduced damping.
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Figure 4-7 DMA response of FG/PE, FG/PU, FG/PE/VACNT and FG/PU/VACNT

4.5.

SHPB investigations of baseline composites and with embedded

VACNT forests
4.5.1 SHPB response of baseline FG/PE & FG/PE/VACNT
SHPB compression tests were conducted on baseline FG/PE and FG/PE/VACNT
samples. Two different strain rates were used, ranging from 400 to 500 /s and 700 to 800 /s
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for investigating the energy absorption characteristics. The SHPB response for strain rate of
400 to 500 /s is shown in Figure 4-8, and another determined strain rate 700 to 800 /s is
shown in Figure 4-9. In both Figures 4-8 and 4-9; (a) shows the stress-strain response of 10
layer woven fiber glass polyester composites (FG/PE); (b) shows 10 layer woven fiber-glass
with polyester resin along with 3 embedded layers of VACNT composites (FG/PE/VACNT);
(c) compares FG/PE and FG/PE/VACNT in terms of density, compressive strength, specific
energy absorption, and rate of specific energy absorption.
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Figure 4-8 SHPB compression test response of FG/PE and FG/PE/VACNT composites
evaluated over strain rate of 400 to 500 /s
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Figure 4-9 SHPB compression test response of FG/PE and FG/PE/VACNT composites
evaluated over strain rate of 700 to 800 /s
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Tables 4-1 and 4-2 show the average values of strain rate, specific energy absorption, rate
of specific energy, and compressive strength for all the tested FG/PE and FG/PE/VACNT
specimens, over the strain rate of 400 to 500 /s and 700 to 800 /s. At both strain rates,
FG/PE/VACNT displayed higher specific energy absorption and rate of specific energy
compared to the baseline FG/PE. It was found that the specific energy absorption of
FG/PE/VACNT (at an average strain rate of 528 /s) increased by 18%, from about 2.7 KJ/kg
to 3.2 KJ/kg, in comparison with FG/PE (at an average strain rate of 399 /s). At the average
strain rate of 774 /s of FG/PE/VACNT, 10 % increase in specific energy absorption was
observed compared to FG/PE (average strain rate of 823 /s), from about 27.4 KJ/kg to 24.9
KJ/kg. However, an increase in compressive strength was not observed for FG/PE/VACNT
with respect to baseline FG/PE, at both the strain rates.

Table 4-1 Average SHPB response of FG/PE and FG/PE/VACNT over strain rate of 400 to
500 /s
Specimen
FG/PE
FG/PE/VACNT

Average Strain
Rate (/s)
399
528

Specific Energy
Absorption (KJ/kg)
2.732
3.248

Rate of Sp.
Energy
(MJ/kg-s)
34.751
38.166

Average
Compressive
Strength (MPa)
179
178

Table 4-2 Average SHPB response of FG/PE and FG/PE/VACNT over strain rate of 700 to
800/s
Specimen
FG/PE
FG/PE/VACNT

Average Strain
Rate (/s)
823
774

Specific Energy
Absorption (KJ/kg)
24.973
27.314
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Rate of Sp.
Energy
(MJ/kg-s)
187.893
197.338

Average
Compressive
Strength (MPa)
383
365

4.5.2 SHPB response for baseline FG/PU & FG/PU/VACNT
SHPB compression tests were performed on baseline FG/PU and FG/PU/VACNT
specimens with the same experimental setup and procedures as FG/PE and FG/PE/VACNT
tests. Two different strain rate ranges were used: 300 to 400 /s and 600 to 800 /s. Similar to
FG/PE and FG/PE/VACNT investigation; (a), (b) in Figure 4-10 and 4-11 show stress-strain
of FG/PU, stress-strain of FG/PU/VACNT, respectively; Figure 4-10 (c) compares FG/PU
and FG/PU/VACNT in terms of density, compressive strength, specific energy absorption,
and rate of specific energy.
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Figure 4-10 SHPB compression test response of FG/PU and FG/PU/VACNT composites
evaluated over strain rate 300 to 400 /s
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Figure 4-11 SHPB compression test response of FG/PU and FG/PU/VACNT composites
evaluated over strain rate of 600 to 800 /s
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Tables 4-3 and 4-4 show the average values of strain rate, specific energy absorption, rate
of specific energy absorption, and compressive strength for baseline FG/PU and
FG/PU/VACNT, over strain rate of 300 to 400 /s and 600 to 800 /s. At both strain rates,
FG/PU/VACNT exhibited higher specific energy absorption and rate of specific energy with
respect to the baseline FG/PU. An increase of 12% and 10% of specific energy absorption,
over strain rates of 300 to 400 /s (average strain rate of FG/PU/VACNT=320/s and
FG/PU=412/s) and 600 to 800 /s (average strain rate of FG/PU/VACNT=785/s and
FG/PU=626/s), respectively, was observed in FG/PU/VACNT to the baseline FG/PU. It was
also found that the average compressive strength of FG/PU/VACNT increased about 30 %
with respect to FG/PU: from 169 MPa (FG/PU) to 246 MPa (FG/PU/VACNT) at average
strain rate of 412 and 320 /s, and from 214 MPa (FG/PU) to 270 MPa (FG/PU/VACNT) at
average strain rate of 626 and 785 /s.
Table 4-3 Average SHPB response of FG/PU and FG/PU/VACNT over strain rate of 300 to
400 /s
Specimen
FG/PU
FG/PU/VACNT

Average Strain
Rate (/s)
412
320

Specific Energy
Absorption (KJ/kg)
2.543
2.848

Rate of Sp.
Energy
(MJ/kg-s)
27.617
43.608

Average
Compressive
Strength (MPa)
169
246

Table 4-4 Average SHPB response of FG/PU and FG/PU/VACNT over strain rate of 600 to
800 /s
Specimen
FG/PU
FG/PU/VACNT

Average Strain
Rate (/s)
626
785

Specific Energy
Absorption (KJ/kg)
16.126
17.695
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Rate of Sp.
Energy
(MJ/kg-s)
101.577
126.228

Average
Compressive
Strength (MPa)
214
270

4.5.3 Comparison of SHPB responses
The average response from SHPB tests performed on 3 samples each of FG/PE, FG/PU,
FG/PE/VACNT, and FG/PU/VACNT is compared in Table 4-5 over the strain rate of 600 to
800 /s for energy absorption characteristics. Figure 4-12 compares SHPB response of FG/PE,
FG/PU, FG/PE/VACNT and FG/PU/VACNT along with density, specific energy absorption,
rate of specific energy absorption, and compressive strength. As Figure 4-12 shows, the
baseline FG/PE showed higher specific energy absorption and rate of specific energy
absorption with respect to the other baseline FG/PU. Also, FG/PE/VACNT and
FG/PU/VACNT had the same trend as the baseline composites; the specific energy
absorption and the rate of specific energy absorption of FG/PE/VACNT were higher than
FG/PU/VACNT. In regards to compressive strength, FG/PU/VACNT showed an increase in
comparison with the baseline FG/PU, whereas FG/PE/VACNT did not exhibit any increase in
compressive strength with respect to the baseline FG/PE.
Table 4-5 Average SHPB response of baseline FG/PE, FG/PU; and FG/PE/VACNT,
FG/PU/VACNT over strain rate of 600 to 800 /s
Specimen
FG/PE
FG/PU
FG/PE/VACNT
FG/PU/VACNT

Average Strain
Rate (/s)
823
626
774
785

Specific Energy
Absorption (KJ/kg)
24.973
16.126
27.314
17.695
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Rate of Sp.
Energy
(MJ/kg-s)
187.893
101.577
197.338
126.228

Average
Compressive
Strength (MPa)
383
214
365
270

Figure 4-12 SHPB compression test response of FG/PE, FG/PU, FG/PE/VACNT, and
FG/PU/VACNT composites evaluated over strain rate of 600 to 800 /s

4.6.

Analytical model

4.6.1 Johnson-Cook constitutive model
The Johnson-Cook constitutive model is widely used for the characterization of ductile
materials that are subjected to large strains, high strain-rates and high temperatures; which
typically occur during impact and penetration events. The empirical Johnson-Cook model is
also well suited for commercially available finite element packages, and facilitates the direct
incorporation of variables in to computational codes. Effects of strain hardening, strain rate
hardening and thermal softening are all included in the Johnson-Cook constitutive model
[50]:
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(4.1)

where: σ = material flow stress
A = yield stress
B = pre-exponential factor
ε = plastic strain
n = work-hardening exponent
C = strain rate factor
έ = strain rate
έo = user defined reference strain rate(1/sec).
T = temperature of the material
Tmelt = melting point of the material
Troom = room temperature.
m = thermal softening exponent.
The elasto-plastic term in Equation (4.1) represents the stress as a function of strain.
The viscosity and thermal softening terms respectively reflect the effects of strain rate and
temperature. A, B, N, C and M are material constants to be determined experimentally for the
Johnson-Cook constitutive model. The simplest and oldest approach for determining these
material constants has been suggested by Holmquist and Johnson [51]. By this approach, as
demonstrated on OFHC copper in Figure 4-13, only five points on three true stress-strain
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curves obtained at different strain rates (and/or temperature) are used to determine these
constants.

Figure 4-13 OFHC copper tension test data for generating the J-C model [51] red letters

The approach is to define five data points from test data that cover a range of strains, strain
rates (and/or temperatures).
•

Data points 1 to 3 are chosen to describe the flow stress behavior at constant
temperature and strain rate.

•

Data point 1 is the yield stress (A), and points 2 and 3 determine the strain
hardening behavior (B, n).

•

Data points 4 and 5 are chosen to capture the strain rate (C) and temperature
effects (m).

•

At each point, the stress, strain, strain rate, and temperature are known.
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Thus the inputs required for determining the J-C model for any given material are the
quasi-static stress-strain curve, and high strain-rate true stress-strain response data from at
least two tests that have been performed at different strain rates. It is worth noting that, by
performing the quasi-static test at a strain rate of 1/s, the strain rate hardening effect (shown
as the viscosity term in Equation 4.1) can be eliminated. Since all tests were performed at
room temperature only, the thermal softening term (third set of brackets in Equation 4.1) is
neglected.

4.6.2 Quasi-static response of baseline FG/PU and FG/PU/VACNT
samples
The quasi-static test data for baseline FG/PU and FG/PU/VACNT at a strain rate of 1/s
were provided by ERDC-CERL to determine the material constants. Three specimens of each
material were tested using an Instron 3342 Single Column Testing System in compression
mode at strain rate of 1/s. Specific results for FG/PU and FG/PU/VACNT specimens of
approximate size 11 mm x 6 mm (FG/PU) and 12 mm x 7 mm (FG/PU/VACNT) along with
an average thickness of 6 mm are shown in Figures 4-14 and 4-15.
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Figure 4-14 Quasi-static engineering stress-strain response (strain rate of 1/s) of FG/PU
samples [Provided by ERDC-CERL]

Figure 4-15 Quasi-static engineering stress-strain response (strain rate of 1/s) of
FG/PU/VACNT samples [Provided by ERDC-CERL]
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4.6.3 High strain-rate response of baseline FG/PU and
FG/PU/VACNT samples
Figures 4-16 and 4-17 show, respectively, the stress-strain response for FG/PU and
FG/PU/VACNT at high strain-rate (600 to 800 /s) from SHPB tests, for developing the
Johnson-Cook constitutive model.

Figure 4-16 High strain-rate engineering stress-strain response (strain rate of 600 /s) of
FG/PU samples
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Figure 4-17 High strain-rate engineering stress-strain response (strain rate of 600 to 800 /s)
of FG/PU/VACNT samples
Figures 4-18 and 4-19 show combined true-stress and true-strain response data, from both
quasi-static and high strain-rate SHPB tests, to determine material constants for the JohnsonCook model.

Figure 4-18 True stress-strain response for FG/PU obtained from quasi-static and high
strain-rate tests
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Figure 4-19 True stress-strain response for FG/PU/VACNT obtained from quasi-static and
high strain-rate tests

4.6.4 Conclusion of Johnson-Cook constitutive model
It was observed that both the material types (FG/PU and FG/PU/VACNT) showed a
strain rate dependency. A decrease in peak stress with increasing strain rate was observed,
and both material types showed significantly different slopes in the elastic region at two
different strain rates. The yield point for both materials (with and without VACNT) exhibited
very little (almost none) strain hardening effect and brittle mode of failure. It is therefore
concluded that these types of composites, which exhibit limited plastic flow region, are not
suitable for developing the Johnson-Cook constitutive model.
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CHAPTER 5 CONCLUSIONS AND
RECOMMENDATIONS
Dynamic mechanical behavior and energy absorption characteristics of 10 layer
woven fiber-glass fabric with three different resin systems (polyester, polyurethane, and
Epoxy) have been investigated. The effects of embedding VACNT layers within two of these
baseline composites (polyester and polyurethane resin) were also studied. The mechanical
behavior was analyzed with a Dynamic Mechanical Analyzer (DMA), and the energy
absorption characteristics were evaluated with compressive Split Hopkinson Pressure Bar
(SHPB) apparatus.

5.1.


Dynamic mechanical behavior

For baseline woven fiber-glass composites without VACNT layers (FG/PE, FG/PU
and FG/Epoxy): FG/PE exhibited highest storage modulus, and FG/Epoxy composites
had the lowest storage modulus.



FG/PE/VACNT exhibited a significantly lower flexural stiffness at ambient
temperature along with higher damping loss factor over the investigated temperature
range with respect to baseline FG/PE; although it was found to be similar as the
baseline FG/PE at glass transition temperature (Tg).



FG/PU/VACNT showed a significantly higher flexural stiffness at ambient
temperature along with lower damping loss factor over the investigated temperature
range compared to baseline FG/PU.
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The loss modulus at room temperature increased with the addition of VACNT forest
layers in both baseline composites (FG/PE and FG/PU), but only FG/PU/VACNT
showed an increased loss modulus at the glass transition temperature (Tg).



The glass transition temperature (Tg) increased with the addition of VACNT forest
layers in FG/PU only.

5.2.


High strain-rate energy absorption characteristics

For baseline woven fiber-glass composites without VACNT layers, it was observed
that FG/PE and FG/PU showed significantly higher compressive strength and
comparatively lower specific energy absorption compared to FG/Epoxy composites.
Comparison of FG/PE and FG/PU; FG/PE exhibited higher specific energy absorption
with similar compressive strength.



FG/PE/VACNT showed improved specific energy absorption with a marginal
increase in density compared to FG/PE. An increase in compressive strength was not
observed with the addition of VACNT layers; both FG/PE/VACNT and FG/PE
showed similar compressive strength.



FG/PU/VACNT also exhibited improved specific energy absorption with a marginal
increase in density with respect to FG/PU. The compressive strength of
FG/PU/VACNT increased by about 30 % with the addition of VACNT forest layers.



FG/PE/VACNT exhibited higher specific energy absorption compared to
FG/PU/VACNT.



It appears that there is no direct correlation between the DMA and SHPB test results,
in terms of the energy absorption characteristics. SHPB response showed increased
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energy absorption with the addition of VACNT layers, but DMA did not show much
improvement in damping.


An attempt was made to develop the Johnson-Cook constitutive model for FG/PU and
FG/PU/VACNT composites with strain rate data obtained from quasi-static and high
strain-rate tests. It was concluded that these types of composites, which exhibit
limited plastic flow region, are not suitable for developing the Johnson-Cook
constitutive model.

5.3.


Recommendation for future work

SHPB investigation of the FG/Epoxy composites with embedded VACNT forests for
characterizing their energy absorption, and comparison with FG/PE and FG/PU.



SHPB tests of thicker samples (with and without VACNT) for studying size effects.



SHPB testing of laterally confined samples with induced bi-axial stress.



Digital microscopy analysis of the fracture surface and VACNT layers.



Observation of SHPB experiments with high speed camera to correlate stress-strain
response with failure mechanism.



Study of shock response and analysis of out-of-plane displacement with Digital Image
Correlation (DIC) technique.
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